Outdoor fine particulate air pollution (PM 2.5 ) is known to increase mortality risk and is recognized as an important contributor to global disease burden. However, less is known about how oxidant gases may modify the chronic health effects of PM 2.5 . In this study, we examined how the oxidant capacity of O 3 and NO 2 (using a redox-weighted average, O x ) may modify the relationship between PM 2.5 and mortality in the 2001 Canadian Census Health and Environment Cohort. In total, 2,448,500 people were followed over a 10.6-year period. Each 3.86 µg/m 3 increase in PM 2.5 was associated with nonaccidental (Hazard Ratio (HR) = 1.095, 95% CI: 1.077, 1.112), cardiovascular (HR = 1.088, 95% CI: 1.059, 1.118), and respiratory mortality (HR = 1.110, 95% CI: 1.051, 1.171) in the highest tertile of O x whereas weaker/null associations were observed in the middle and lower tertiles. Analysis of joint non-linear concentration-response relationships for PM 2.5 and O x suggested threshold concentrations between approximately 23 and 25 ppb with O x concentrations above these values strengthening PM 2.5 -mortality associations. Overall, our findings suggest that oxidant gases enhance the chronic health risks of PM 2.5 . In some areas, reductions in O x concentrations may have the added benefit of reducing the public health impacts of PM 2.5 even if mass concentrations remain unchanged.
Results
Participant characteristics are summarized in Table 1 . In total, 233,340 non-accidental, 77,000 cardiovascular, and 21,100 respiratory deaths were observed during the 10.6-year follow-up period. As expected, residential estimates of outdoor air pollution concentrations across Canada were low ( Table 2 ) with PM 2.5 concentrations ranging from approximately 1 to 20 µg/m 3 with a mean value of 7.37 µg/m 3 . PM 2.5 and O x were moderately correlated (r = 0.66). Spatial variations in NO 2 , O 3 , O x , and PM 2.5 across Canada are shown in Supplemental Figures S1-S4.
Single Pollutant Models. All four pollutants (PM 2.5 , NO 2 , O 3 , and O x ) were associated with increased nonaccidental, cardiovascular, and respiratory mortality in single pollutant models including linear terms for each pollutant (Table 3 ). Hazard ratios for O x were generally higher than for O 3 or NO 2 individually except for respiratory mortality which was similarto that for NO 2 . For PM 2.5 , analyses across tertiles of O x suggested consistently stronger associations in areas with higher oxidant gas concentrations for all three mortality outcomes ( Fig. 1 and Supplemental Table 1 ). Similar trends were less apparent across tertiles of NO 2 or O 3 individually, particularly for O 3 ; however, risks of nonaccidental and respiratory mortality did increase across tertiles of NO 2 (Supplemental Table 2 ). The three-dimensional plots shown in Fig. 2 illustrate interactions across tertiles of PM 2.5 and O x for nonaccidental, cardiovascular, and respiratory mortality: for all three outcomes PM 2.5 -mortality associations were strongest in the highest tertile of O x .
Two Pollutant Models (PM 2.5 and O x ). When two-pollutant models were examined including linear terms for PM 2.5 and O x , hazard ratios for PM 2.5 decreased for all three mortality outcomes but remained elevated. The largest change occurred for the hazard ratio between PM 2.5 and cardiovascular mortality which decreased from 1.107 (95% CI: 1.089, 1.127) in the single pollutant model to 1.024 (95% CI: 1.004, 1.044) in the two-pollutant model. The best fitting model for cardiovascular mortality included PM 2.5 , O x , and their interaction term ( Table 4 ). For nonaccidental and respiratory mortality, model fit was similar between two pollutant models (i.e. containing PM 2.5 and O x ) and models including both pollutants and their interaction term. The spatial distribution of PM 2.5 *O x is presented in Fig. 3 and highlights that the highest combined concentrations of PM 2.5 and O x occur in the most populated areas of Ontario and Quebec and along the southern border of Canada.
Joint Non-linear Models for PM 2.5 and O x . Effect modification by O x was also apparent when we exam-
ined non-linear model forms for PM 2.5 -mortality associations ( Fig. 4) . Specifically, the shapes of associations between O x and θ (the parameter describing the magnitude of association between PM 2.5 and mortality) were similar for all three causes of death ( Fig. 4 , panels a, c, and e) with threshold concentrations of 23.71 ppb, 25.08 ppb, and 25.13 ppb for cardiovascular, respiratory and nonaccidental mortality, respectively. The rate of change in θ per ppb of O x above the threshold was greatest for cardiovascular mortality and similar for both non-accidental and respiratory mortality (λ values in the Supplemental Methods). 
Discussion
To our knowledge, this is the first large population-based cohort study to evaluate how oxidant gases may modify the chronic health risks of PM 2.5 . In general, our findings suggest that oxidant gases act to enhance PM 2.5 -mortality associations and that this effect modification occurs at O x concentrations above approximately 23 ppb. This finding should be confirmed in future cohort studies as to our knowledge this study is the first to report such a relationship. If confirmed, these findings are important as they indicate that in some areas reductions in O x concentrations may have the added benefit of reducing the public health impacts of PM 2.5 even if mass concentrations remain unchanged.
While other studies have not examined the impact of oxidant gases on the chronic health effects of PM 2.5 , we previously reported that O x modified the association between short-term changes in ambient PM 2.5 and the risk of emergency room visits for myocardial infarction 8 . In addition, others have reported associations between daily variations in O x and mortality in London, England 9 . One possibility is that spatial variations in O x concentrations are reasonable surrogates for the presence/absence of harmful air pollution mixtures and/or sources that are more relevant to health and thus PM 2.5 in these regions tends to be more harmful. However, other biological mechanisms may also explain our observation of stronger PM 2.5 -mortality associations in regions with higher O x concentrations. First, ozone rapidly saturates the lung epithelial lining fluid where it degrades surfactants and depletes anti-oxidants; thus, oxidant gases may reduce our natural defense against reactive oxygen species generated in response to PM 2.5 components including transition metals, polycyclic aromatic hydrocarbons, or quinones 3, 10 . In addition, ozone increases the permeability of the lung epithelium barrier [4] [5] [6] [7] and thus may facilitate the translocation of particles (or inflammatory proteins) from the lungs directly into the systemic circulation. Moreover, endogenous sources of oxidative stress may also pay an important role as NO 2 has been shown to induce the release of reactive oxygen species from alveolar macrophages 11 . Alternatively, photochemical aging of PM 2.5 has been shown to increase the oxidative potential of particles themselves 12, 13 ; therefore, this process may also contribute to our observation of stronger PM 2.5 -mortality associations in regions with higher oxidant gas concentrations as photochemical oxidation would be greater in these areas. 
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One interesting finding in our investigation was that the rate of change in θ (the parameter describing the magnitude of association between PM 2.5 and mortality) per ppb of O x above the threshold was greater for cardiovascular mortality than respiratory mortality. One explanation for this finding may be that PM 2.5 components and/or inflammatory mediators must first reach the systemic circulation from the lung in order to contribute to cardiovascular morbidity. If this process happens more quickly/efficiently at higher O x concentrations (perhaps owing to increased lung permeability as noted above) this may explain the larger slope for θ in cardiovascular mortality. While we could not directly evaluate this question in the current study, future studies should aim to replicate this result as it may contribute to our understanding of how particulate air pollution influences cardiovascular morbidity/mortality.
This study had several important advantages including a large population-based sample of Canadians, exposure information for multiple air pollutants updated for residential mobility, detailed non-linear concentration-response modeling, and individual-level information on many important socio-economic factors. However, we cannot rule out potential confounding by unmeasured variables including smoking and obesity. In addition, as in all large scale epidemiological studies, exposure measurement error is a challenge and likely impacted our results. Specifically, the spatial scale of O 3 estimates was large and greater resolution is needed to refine or assessment of the spatial distribution of O x (and PM 2.5 *O x ) and associated health impacts. In general, measurement error for all air pollutants likely contained components of both Classical (i.e. grid-cell mean values distributed around true long-term ambient concentrations) and Berkson-type error (i.e. true individual-level exposures distributed around grid-cell mean values). Classical type error would tend to bias risk estimates toward the null whereas Berkson type error would tend to increase uncertainty in our estimates (i.e. wider confidence intervals). In either case, this error is not a likely explanation for our observed pattern of stronger PM 2.5 -mortaltiy associations in areas with higher O x concentrations. Moreover, it is important to note that there is no clear consensus on the optimal spatial scale at which to evaluate long-term exposures to outdoor air pollution. Currently, the same spatial scale is applied to all cohort members but a more optimal approach may be to tailor the spatial scale of exposure assessment to match the size of individual-level activity spaces based on individual-level covariates such as age, sex, or socioeconomic status (e.g. older people may spend more time at home and thus a smaller spatial scale may be more appropriate for older cohort members). In some cases, larger spatial scales may be more appropriate if cohort members are highly mobile within their region and thus larger grid sizes are not necessarily a limitation. Nevertheless, more work is needed to refine air pollution exposure assessment in large population-based studies and our future work will aim to address several of these issues.
Covariate
Persons HR † 95% CI In summary, the results of our cohort study suggest that oxidant gases may act to enhance the chronic health impacts of PM 2.5 . If confirmed, our findings may provide additional flexibility for regulators/risk managers in reducing the overall public health impacts of PM 2.5 . In particular, there may be important co-benefits to reducing in institutions and who lived in Canada 15 . Of these, 78.6% (n = 3,537,500) were linked to income tax files to obtain annual postal code histories and Social Insurance Numbers through standard deterministic and probabilistic linkage techniques 16 . These subjects were then deterministically linked to the Amalgamated Mortality Database using Social Insurance Numbers. All deaths that occurred between census day (May 15, 2001) and December 31, 2011 were eligible for linkage. Respondents who were not assigned air pollution estimates due to living outside the boundaries of air pollution models were excluded (n = 86,100) as were those less than 25 years of age or older than 90 years (n = 319,900 additional persons excluded). All immigrants were also excluded from the cohort (n = 683,100) since their previous air pollution exposures were unknown. The final analytical sample was 2,448,500 respondents: sample sizes are rounded to the nearest hundred for confidentiality.
Methods
Postal code histories obtained from tax records were used to geocode respondent addresses. Statistics Canada's Postal Code Conversion File plus (PCCF+) v.6c uses a population-weighted random allocation algorithm to assign geographic coordinates to postal codes based on centroids of different scales of Census geography 17 . The gaps in postal code reporting (approximately 18% of all person-years) were imputed using a probabilistic imputation method developed at Statistics Canada, which assigned postal code common characters from postal codes provided before and after the gap in reporting 18 . The method included a non-null probability that missing postal codes would be different from adjacent years, and the probability of non-matches increased with increasing gap length. In cases where postal codes were not imputed using any common characters, the national mean exposure estimate was assigned. In a validation exercise with the 1991 CanCHEC, when 5% of postal codes were randomly deleted and then imputed using the program, 4.2% of imputed postal codes had an absolute PM 2.5 difference greater than 0.1 μg/m 3 18 . In general, 2001 CanCHEC members were more likely to be married or common-law, have higher income or higher educational attainment, or be employed than were the general Canadian population 14 .
Exposure Assessment. Cohort members were assigned air pollution exposure estimates for PM 2.5 , NO 2 , and O 3 using models that have been previously described. Specifically, PM 2.5 exposures were derived from a surface model that combines information for total column aerosol optical depth retrievals from the Moderate Resolution Imaging Spectroradiometer (MODIS) with near-surface PM 2.5 emissions estimated from the GEOS-Chem chemical transport model 19 . Yearly (2012 to 2014) average surface layers of PM 2.5 (at 1 km 2 resolution) were obtained by applying geographically weighted regression, and extended back in time to 1998 by applying inter-annual variation from a published model 20 . Within North America, mean PM 2.5 estimates were strongly correlated with ground level measurements (R 2 = 0.82, slope = 0.97, n = 1440) 19 . Estimates of PM 2.5 that were greater than 20 μg/ m 3 were excluded from the analysis because they likely represented inaccurate satellite retrievals.
Outdoor NO 2 concentrations were estimated using the 2006 annual mean from a national land use regression model that used National Air Pollution Surveillance (NAPS) fixed-site monitoring data combined with satellite NO 2 estimates, road length within 10 km, industrial land use areas within various buffers, and mean summer rainfall 21 . Ground-level NO 2 estimates were derived using GEOS-Chem from satellite tropospheric NO 2 columns 22 . During validation, the model explained 73% of the variance in 2006 NAPS estimates. Local variation in NO 2 was captured by applying kernel density measures of highways and major roads as a multiplier to the model 21 .
A surface for average daily 8-hr maximum O 3 concentration was generated for the months of May to October for the period of 2002 to 2009 using an air pollution-specific interpolation technique to generate a 21 km 2 grid 2,23 . This method incorporates modeled O 3 from the Canadian Hemispheric Regional Ozone and NOx system (CHRONOS) air quality forecast model 24 with observations from Canada and the United States.
All NO 2 and ozone data were year-adjusted using ground-based time-series measurements from 24 Census Divisions (CD)s between 1981 and 2012. The time series for NO 2 and O 3 were derived from NAPS daily average concentrations (if at least 18 hourly concentrations were recorded in a day), and averaged for CDs with more than one monitoring station 25 . Missing time-series data were imputed using an interpolation algorithm that combines classical prediction techniques and the phase-and frequency-fitting tools via the multi-taper method using the R package tsinterp 26 . For each CD time-series, a cubic spline was fitted to model the association between year and air pollutant concentration. Then, the ratio between the year of the original modeled data (i.e., NO 2 : 2006, O 3 : mean of 2002 to 2009) and all years of follow-up was determined. For each year of follow-up, residence locations for cohort members were matched to the closest CD in Geographic Information Systems (ArcGIS v.10, ESRI 2010), and the corresponding time adjustment ratio was used to adjust data for annual differences in concentration. All air pollution exposures were assigned using 3-year moving averages with a 1-year lag time (and updated for residential mobility). Statistical Analyses. Standard Cox proportional hazards models were used to estimate hazard ratios (HR) and 95% confidence intervals (95% CI) describing the relationship between outdoor air pollutants and nonaccidental (ICD-10: A to R), cardiovascular (ICD-10: I10-69 and E10-E14 (diabetes)), and respiratory mortality (ICD-10: J00-J99). All models were stratified by age (5-year categories), sex, airshed, and population centre size, and adjusted for individual-level covariates including visible minority status, Aboriginal status, marital status, educational attainment, income quintile, and labour force status. In addition, several neighbourhood-level covariates were included in the models including percent unemployed (aged 25 and older), percent not graduated from high school (aged 25 and older), and percent low income status within census divisions as well as population density (per km 2 ) within dissemination areas ( Table 1 ). All hazard ratios for individual pollutants are expressed for intervals equivalent to the difference between the mean and the 5 th percentile of each pollutant. Hazard ratios for the product of PM 2.5 and O x are expressed per 100 ppb*µg/m 3 .
A series of models were examined to evaluate how oxidant gases may modify the relationship between PM 2.5 and mortality. First, single pollutant models were examined using linear terms for PM 2.5 , NO 2 , O 3 , and O x (as defined above). Hazard ratios for PM 2.5 were then calculated across tertiles of O x to evaluate trends in PM 2.5 -mortality associations at increasing concentrations of oxidant gases; the entire range of PM 2.5 concentrations (i.e. 1-20 µg/m 3 ) was available within each tertile of O x . Three-dimensional plots were also examined for hazard ratios across tertiles of O x and PM 2.5 .
Next, two pollutant models including both PM 2.5 and O x were examined to evaluate potential confounding by O x in PM 2.5 -mortality associations followed by: 1) models including only the product of PM 2. , where = I z e ( ) z or = + I z z ( ) 1 , specifies a family of shapes taking supra-linear, near-linear, sub-linear and sigmodal forms depending on µ π I ( , , ). In this study, we examined how mortality risks due to PM 2.5 exposures may be affected by co-occurring exposure to O x . To do this, we introduced the notion that the parameter θ can vary with concentrations of O x by defining a joint relative risk function of the form: θ = × . .
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, ) exp{ ( ) ( )} x x 2 5 2 5 . We additionally postulated that there exists a concentration of O x , ω, below which, O x does not modify the risk of death due to PM 2.5 exposure and above that concentration there exists a linear association. That is:
, for concentration ω. It is important to note that this model does not directly evaluate the impact of O x on mortality; rather, it redistributes PM 2.5 risk according to concentrations of O x . Methods to estimate the unknown parameters and their uncertainty are presented in the Supplemental Material.
